Signal transducer and activator of transcription (STAT) proteins are a seven-member family of cytoplasmic transcription factors that relay signals emanating from the cell surface cytokine and growth factors receptors to the nucleus. Upon ligand binding, cytoplasmic STAT proteins are activated through tyrosine phosphorylation, mainly by the JAK kinases. Activated STATs then dimerize and translocate into the nucleus where they bind to specific DNA elements and regulate transcription of target genes. 1 STAT proteins control fundamental cellular processes, including survival, proliferation, differentiation, and immune responses.
STAT3 and STAT5 (STAT3/5) proteins are crucial mediators of cytokine-or growth factor-induced cell survival and proliferation. These transcription factors are frequently overactivated in a variety of solid tumors and hematopoietic neoplasms and are targets of various oncogenes with tyrosine kinase activity. STAT3/5 proteins regulate expression of genes involved in survival and proliferation in the nucleus and interact with signaling pathways in the cytoplasm. evidences for a cross-talk between STAT3/5 and oxidative metabolism have recently emerged. This review summarizes the current knowledge on the cross-regulation between STAT3/5 and oxidative metabolism in normal and cancer cells. , Src, Bcr-Abl, Tel-Syk, NPM-ALK, Tel-PDGFR, and mutated forms of FLT3 and Kit receptors. 2, 4 Inhibition of STAT3/STAT5 signaling interrupts the transforming potential of these tyrosine kinases and the induction of cancer or leukemia in mouse models. [5] [6] [7] [8] [9] [10] [11] [12] [13] Evidences for a direct role of STAT3 or STAT5A/B in cell transformation were provided by the use of constitutively active variants. 14, 15 These proteins designated STAT3C, STAT51*6, or cS5 F are able to transform cell lines or hematopoietic cells and to induce solid tumors or leukemias in mice.
Oxidative metabolism in cancer
Tumor progression and metastasis involve the combined ability of cancer cells to resist apoptosis, to proliferate and to promote angiogenesis and tumor cell migration. STAT3 and/or STAT5a/b have been shown to participate in these processes. These proteins regulate indirectly or directly the expression of genes that are required for survival like the anti-apoptotic bcl-x, a1, mcl-1, and survivin genes or cell growth like c-myc, cyclin D1, and D2. 2, 4 STAT3 is a key regulator of VEGF expression which is critical in tumor angiogenesis while VEGF-C, another member of the VEGF family is dependent on STAT5 activity in prostate cancer. [16] [17] [18] STAT3 and/or STAT5 have been shown to regulate expression of different cytokines, chemokines, pro-inflammatory mediators and integrins that play a role in tumor cell migration and immune surveillance evasion. 2, 18 Aberrant STAT3 and/or STAT5 signaling also promote epithelial-mesenchymal transition (EMT), a key event in the tumor invasion process, and STAT3 was shown to induce expression of TWIST1, a critical regulator of EMT. 19, 20 Beside their nuclear function, tyrosine phosphorylated STAT5 (P-Y-STAT5) proteins have an important role in the cytoplasm of cancer cells. P-Y-STAT5 has been detected in the cytoplasm of colorectal cancer and myeloid leukemic cells. 21, 22 We previously showed that P-Y-STAT5 proteins interact with the scaffolding adaptor Gab2 to activate the PI3-kinase/Akt pathway in myeloid leukemias. 22, 23 Activation of this pathway is implicated in STAT5-dependent transformation of hematopoietic cells and induction of leukemia in mice. 24 P-Y-STAT3 has also been detected in the cytoplasm of cancer cells and was shown to interact with Gab2 and the PI3-kinase 25, 26 (see Fig. 1 ).
ROS-Dependent Regulation of STAT Protein Activity in Normal and Cancer Cells
It is now well recognized that free radicals and reactive oxygen species (ROS) produced by O 2 metabolism are cases, ROS may act as second messengers to regulate activities of redox-sensitive enzymes including phosphatases. 31 Several protein tyrosine phosphatases are highly sensitive to oxidation because of a critical thiol group in the active site of the enzyme. 32 ROS induce the reversible oxidation and inactivation of tyrosine phosphatases and increase the tyrosine phosphorylation of cellular proteins. Studies with antioxidant treatment of cytokinestimulated cells and with H 2 O 2 stimulation in cytokine deprived cells indicate that ROS may play roles in cytokine activation of JAK kinases as well as STAT3, STAT5, and other signaling proteins. 33 Activation of STAT3 and/or STAT5 by cytokines or growth factors-induced ROS might involve NOX activity. [34] [35] [36] [37] In contrast, data from the literature have demonstrated that oxidative stress inhibits cytokine-induced JAK-STAT pathway. 38, 39 These discrepancies remain unclear but it is possible that in oxidative stress conditions, cytokines are not able to activate the JAK-STAT pathway. The inhibitory action of oxidative stress might also involve a direct oxidation of JAK and STAT proteins. Oxidation of cysteine residues in the catalytic domain of JAK2 important initiators and promoters of carcinogenesis and contribute to tumor progression. ROS, including superoxide (O 2 -), hydrogen peroxide (H 2 O 2 ), and the hydroxyl free radical (HO -), are mainly generated by the mitochondrion, endoplasmic reticulum and the membrane bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) which is a multi-subunit enzyme consisting of a catalytic subunit gp91phox (also termed NOX2) and regulatory subunits, p67phox, p47phox, p22phox, and the small GTPase Rac1. Seven members of the NOX family have been identified (NOX1-5 and DUOX1-2) that differ in tissue distribution and regulatory mechanisms. ROS have been shown to influence cell-cycle progression, apoptosis, and growth factor signaling in a variety of cell types. Normal cells regulate the intracellular ROS content by balancing the ROS generation and scavenging systems. Oxidative stress is due to an excessive cellular ROS production and/or a deficiency in antioxidant defenses. 27, 28 Cytokines and growth factors activate intracellular regulation of redox processes through generation of ROS. 29, 30 In these Since ROS contribute to the regulation of redox sensitive proteins such as phosphatases, kinases and other signaling proteins, it is therefore not surprising that ROS production induced by oncogenic tyrosine kinases would affect indirectly the phosphorylation of STAT3 and STAT5. ROS seem to be important for the sustained activity of NPM-ALK and Src is a redox sensitive kinase. 49 ,54 H 2 O 2 -dependent Src oxidation was shown to increase the catalytic activity of the kinase whereas NAC treatment had an inhibitory effect. Tyrosine phosphorylation of STAT3 and STAT5 would therefore be triggered as a consequence of ROSmediated inhibition of tyrosine phosphatases and activation of tyrosine kinases. It will be important in the future to determine whether oxidation of STAT3 and/or STAT5 induced by ROS also exists in cells transformed by these oncogenic tyrosine kinases.
STAT-Dependent Regulation of ROS Production and Oxidative Metabolism in Normal and Cancer Cells
The past 5 years highlighted the emerging roles of STAT3 and STAT5 in the regulation of ROS production and oxidative metabolism in normal and cancer cells. The starting point of this story came with the discovery of a non-canonical role of STAT3 in mitochondria that did not require the DNA binding domain or the tyrosine phosphorylation. 55 STAT3 was shown to localize in mitochondria of pro-B cells and to regulate the electron transport chain (ETC) activity, the ROS producing "enzymatic machinery" in mitochondria. Other reports indicate that GRIM19, a component of the ETC complex 1 and a previously identified binding partner of STAT3, is necessary for STAT3 uptake in mitochondria. 56, 57 Phosphorylation of the serine 727 residue present in the carboxyl-terminal region of STAT3 seems to be important for GRIM19-mediated recruitment of STAT3 and mitochondrial function (see Fig. 2 ). More recently, a mitochondrial dysfunction associated with high ROS levels has been reported in hematopoietic stem cells from Stat3 −/− mice suggesting that STAT3 is essential for normal mitochondrial activity in hematopoietic cells. 58 Fascinatingly, malignant transformation of mouse embryo fibroblasts by activated Ras oncogene also requires mitochondrial STAT3. Serine (ser727) but not tyrosine (tyr705) phosphorylation of STAT3 is crucial for Ras-mediated cellular transformation and mitochondrial function. 59 Mitochondrial STAT3 upregulates ETC activity in Ras-transformed cells. Paradoxically, lactate dehydrogenase activity was also increased in these cells indicating a shift to aerobic glycolysis. Cancer cells exhibit a distinct metabolic shift from oxidative phosphorylation in the mitochondrion to aerobic glycolysis in the cytoplasm, known as the Warburg effect. 60 In an elegant work, Demaria et al. demonstrated that oncogenic STAT3 proteins induced an aerobic glycolysis in primary fibroblasts and in STAT3-dependent tumor cell lines. 61 This shift toward aerobic glycolysis is dependent on hypoxia inducible factor-1α (HIF-1α) upregulation that is partly due to STAT3-dependent transcription (see Fig. 2 ). 62 inhibits the kinase activity of this molecule. 40 Similarly, STAT3 is directly sensitive to intracellular oxidants. Formation of dimers, trimers and tetramers of STAT3 by disulfide-linked homodimerization and oligomerization has been evidenced in cells treated with H 2 O 2 . 41, 42 In this case, oxidation of conserved cysteine residues inhibits STAT3 DNA binding and transcriptional activity without affecting tyrosine phosphorylation. Formation of these multimers would be reversible and dependent on the intracellular redox potential. The higher the ROS levels, the more STAT3 proteins may be cross-linked into a redox tetramer. The precise function of these oxidized STAT3 complexes still remains unclear. STAT3 was shown to be present in mitochondria and contribute to the regulation of electron transport chain function. It has been proposed that oxidation of STAT3 may be regulated by mitochondrial peroxide, which could in turn modulate the association of STAT3 with mitochondria in a feedback mechanism to control mitochondrial respiration. 43 Interestingly, expression of redox insensitive STAT3 cysteine mutant in breast cancer cells accelerated their proliferation but reduced their resistance to oxidative stress. STAT3 might then be involved in the coupling between redox homeostasis and cell proliferation. 42 In addition to disulfide oligomerization, cysteine glutathionylation was shown to inhibit tyrosine phosphorylation of STAT3 in oxidative stressinduced cells. 44 Specific oxidation of STAT5 in macrophages of aged mice has been reported. This oxidation interferes with cytokine-induced tyrosine phosphorylation of STAT5 via a mechanism that remains unknown. 45 Oxidative stress has been found in many cancers, both in solid tumors and in several hematopoietic malignancies. There is evidence that tumor-derived ROS may promote proliferation, cell survival, migration and metastasis. These observations suggest that chronically increased endogenous ROS levels lead to adaptive changes that play pivotal roles in tumor progression. 27, 28, 46 Moreover, chronic oxidative stress may cause DNA, protein, and/ or lipid damage, leading to changes in chromosome instability, genetic mutations, and even drug resistance. 47 Oncogenes can recapitulate most of these processes. Transformation by oncogenic tyrosine kinases is often accompanied by an increase of intracellular ROS which can in turn promote chromosomal instability. Elevated ROS levels have been detected in cell transformed by JAK2 V617F , NPM-ALK, FLT3-ITD, c-Src, TEL-PDGFR, and Bcr-Abl oncogenes. [47] [48] [49] [50] [51] [52] The mechanisms by which oncogenic tyrosine kinases regulate the intracellular level of ROS are not fully determined, however, there may be important overlap. 53 In Bcr-Abl-transformed cells, ROS are generated via distinct mechanisms involving the mitochondrial electron transport chain, the PI3K/mTOR pathway and the Rac/NOX protein complex. The origin of ROS associated with Src or FLT3-ITD transformation is also linked to activation of the Rac/NOX complex. 27 Activation of NOX is restricted to specialized membrane areas in Src expressing cells. 54 A large majority of ROS (H 2 O 2 ) associated with FLT3-ITD in leukemic cells is localized in the endoplasmic reticulum and is produced by the small membrane bound component of the NOX complex, p22phox. 36 In addition to the mechanisms of ROS generation described here, NPM-ALK was shown to induce ROS production by a pathway involving the in cells transformed by constitutively active STAT3 suggesting that STAT3 protects cells from apoptosis by preventing an overproduction of ROS. STAT3-dependent transcriptional repression of nuclear encoded mitochondrial genes has been suggested to explain the downregulation of ETC activity and the decreased ROS levels. 61 Alternatively, STAT3 might also upregulate expression of antioxidant genes such as SOD2 (superoxide dismutase) which could in turn contribute to reduce ROS levels. 66 In contrast to STAT3, translocation of STAT5 to mitochondria requires tyrosine phosphorylation. 67 Mitochondrial localization of tyrosine phosphorylated STAT5 was observed in IL-2-stimulated T cells or leukemic T cells expressing constitutively active STAT5. In mitochondria, STAT5 interacts with the protein E2, a component of the pyruvate dehydrogenase complex (PDC-E2). It also binds to the D-loop regulatory region of mitochondrial DNA suggesting that STAT5 might be involved in the regulation of mitochondrial genome (see Fig. 2 ). The mitochondrial HIF-1α is a transcription factor that is primarily regulated by cellular oxygen levels but also by oncogenes or growth factors. 63 HIF-1α is known to regulate expression of genes involved in glycolysis and glucose transport. The increased glycolysis observed in STAT3-transformed cells is accompanied by a downregulation of mitochondrial respiration which is caused by a STAT3-mediated decrease in mitochondrial protein expression leading to reduced levels of ETC complexes. 61 Conversely, inhibition of STAT3 expression and activity in normal and/or cancer cells is often accompanied by increased ROS levels and a mitochondrial dysfunction. 58, 64, 65 An important observation that arises from these different studies is the ability of STAT3 to upregulate or downregulate ETC activity. Tyrosine phosphorylation that discriminates between nuclear and mitochondrial STAT3 is probably essential in this apparent contradictory effect. The downregulation of ETC activity is accompanied by a decreased ROS accumulation Figure 2 . Oxidative metabolism and STAT3/STAT5 in cancer cells. in cancer cells, regulation of rOS levels is tightly controlled by the mitochondrion, endoplasmic reticulum (p22phox), the membrane bound NADPH oxidase (NOX) and by the transcriptional regulation of genes that might affect oxidative metabolism (red arrows). rOS indirectly influence STAT3 and STAT5 (STAT3/5) signaling by inhibiting phosphatases and activating kinases (black arrows). An excessive rOS production may also induce oxidation of STAT3 by disulphide-linked oligomerization to modulate STAT3 and mitochondrial activities. Conversely, STAT3 and STAT5 proteins regulate rOS levels in transformed cells by distinct mechanisms. in mitochondria, serine phosphorylated STAT3 (ser 727 ) (green circle) regulates the electron transport chain (eTC, respiratory chain) activity. Translocation of STAT3 to mitochondrion is dependent on GriM19, a binding partner of STAT3 and a component of the eTC complex 1. Tyrosine phosphorylated STAT5 (red circle) interacts with PDC-e2, a component of the pyruvate dehydrogenase complex and the mitochondrial genome. in the nucleus, tyrosine phosphorylated STAT3 induces HiF-1α expression to promote an aerobic glycolysis in the cytoplasm of cancer cells and downregulates mitochondrial activity by repressing expression of unidentified mitochondrial genes. Activated STAT3 may also regulate expression of antioxidant genes such as SOD2. Tyrosine phosphorylated STAT5 upregulates HiF-2α expression which has been associated with increased glycolysis. in the cytoplasm, tyrosine phosphorylated STAT5 induces the production of rOS via its binding to rac1 and activation of NADPH oxidase. in contrast, unphosphorylated STAT5 has a protective effect against excessive rOS levels in pre-B leukemic cells by directly or indirectly regulating expression of proteins involved in oxidative metabolism. This figure was produced using Servier Medical Art: www.servier.com of STAT5A, STAT5B, or both. Remarkably, they showed that specific attenuation of STAT5A but not STAT5B expression is sufficient to enhance basal oxidative stress and DNA damage of normal and CML HS/P cells. Basal ROS production following downregulation of STAT5A is partly dependent on NOX activity but not on mitochondrial function. Importantly, expression of STAT5A and a transactivation-deleted STAT5AΔ749 mutant rescues these activities suggesting that STAT5A expression protects HSC from an overproduction of ROS via a non-canonical mechanism. These data are reminiscent of our recent published work in which we showed a similar protective role of STAT5A in pre-B leukemic cells. 76 Inhibition of STAT5A activity or expression in these cells was sufficient to induce a basal oxidative stress and apoptosis. We used a proteomic approach to identify proteins that were differentially regulated in cells expressing or not a dominant negative form of STAT5A and showed that 40% of the identified proteins were related to the oxidative metabolism and 14% to the stress-related heat shock proteins. Some of these proteins have been shown to control the levels of ROS and might regulate apoptosis as well. Among these proteins, we identified the glutathione synthetase (GSS) and transaldolase, which are enzymes involved in the generation of glutathione and NADPH, respectively. Expression of both proteins was downregulated in cells expressing the dominant negative form of STAT5A. In contrast to these results, we recently found that STAT5 induced the production of ROS in hematopoietic cells transformed by the constitutively active STAT51*6 mutant or in Bcr-Abl expressing cells, consistent with recently published work. 71 This opposite behavior of STAT5 in the regulation of ROS production might be related to the levels of tyrosine phosphorylation as mentioned for STAT3. In pre-B cells in which STAT5 exerts a protective role against oxidative stress, tyrosine phosphorylation is undetectable while STAT5 is persistently tyrosine phosphorylated in STAT51*6 or Bcr-Abl expressing cells. This might explain the differences observed between the apparent "antioxidant" effect of STAT5 in CML HS/P cells which have a low proliferating rate and the "oxidant" effect of STAT5 in CML cell lines with high proliferating rates. It would be interesting to properly analyze levels of tyrosine phosphorylated STAT5 in CML HSC and their progeny. STAT5 is now well-recognized as an important regulator of HSC function. 77 Maintenance, expansion and differentiation of HSC are dependent on STAT5 protein levels. 78 Similarly, ROS appear to control HSC behavior. Low ROS levels favor quiescence and maintenance of HSC while high ROS levels are found in proliferating and differentiating HS/P cells.
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STAT5 could play a dual role in HSC. As proposed in Figure 3 , non-tyrosine phosphorylated STAT5 would protect HSC from a ROS overproduction helping them to stay in a quiescent or a self-renewal state. The rise of tyrosine phosphorylated STAT5 would favor their proliferation by inducing ROS production. In a similar vein, quiescence, self-renewal and proliferation of CML HSC might be also dependent on the degree of STAT5 tyrosine phosphorylation and expression.
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No potential conflicts of interest were disclosed. localization of STAT5 coincides with the metabolic shift to aerobic glycolysis observed in cytokine-stimulated and leukemic T cells. Interestingly, HIF-2α, an HIF isoform closely related to HIF-1α, was identified as a STAT5 target gene in hematopoietic stem cell (HSC). 68 Downregulation of HIF-2α expression reduced STAT5-induced HSC expansion as well as progenitor and stem cell frequencies. Glucose uptake was also enhanced in STAT5-expressing HSC and HIF-2α was shown to be required for STAT5-induced upregulation of genes associated with glucose metabolism. STAT5-mediated glucose uptake was also observed in T cells. 69 Oncogenic tyrosine kinases FLT3-ITD in acute myeloid leukemia (AML) cells and BCR-Abl in chronic myeloid leukemia (CML) cells have been shown to induce the production of ROS which can in turn increase DNA double-strand breaks and repair errors promoting genomic instability and mutagenesis. In both cases, increased ROS levels appear to be produced via STAT5 signaling. 70, 71 Evidences for a direct effect of STAT5 on ROS production was observed in human fibroblasts expressing the constitutively active STAT51*6 mutant. 72 We also recently showed that STAT51*6-induced transformation of hematopoietic cells is accompanied by an increase of ROS levels (unpublished data). In FLT3-ITD expressing AML cells, tyrosine phosphorylated STAT5 interacts with the small GTPase protein Rac1 to regulate NOX activity (see Fig. 2) . 70 ROS production in AML cells is reduced by treatment with FLT3-ITD or NOX inhibitors indicating that ROS production is FLT3-ITD and NOX dependent. Moreover, FLT3-ITD inhibition abrogated tyrosine phosphorylation of STAT5, decreased Rac1 activity and binding to NOX2. As previously mentioned, a large majority of H 2 O 2 produced by the p22phox was found in the endoplasmic reticulum of FLT3-ITD expressing cells. Inhibition of FLT3-ITD blocked the production of ROS in the endoplasmic reticulum without affecting mitochondrial ROS levels. Importantly, downregulation of p22phox dramatically reduced the production of ROS and STAT5 signaling in these transformed cells suggesting the existence of a feed forward loop in which p22phox-derived ROS maintain STAT5 signaling to increase ROS levels via the Rac1/ NOX complex activity. 36 The mechanisms implicated in STAT5-induced ROS levels in Bcr-Abl-transformed cells still remain enigmatic. DNA binding, transcriptional activity and oligomer formation are required for STAT5-mediated ROS production indicating that STAT5 regulates expression of genes implicated in the oxidative metabolism. 71 NOX4 was a good candidate because it was an important source of increased ROS levels in Bcr-Abl expressing cells and was shown to be regulated by STAT5 in the liver. 73, 74 However, the STAT5-dependent expression of NOX4 was not observed in Bcr-Abl-transformed cells. STAT5-mediated ROS production induced by Bcr-Abl is also independent of the mitochondrial respiratory chain and it seems then to be unlikely that STAT5 regulates expression of ETC components. In contrast to these data, analysis of STAT5A and STAT5B functions in hematopoietic stem/progenitors cells (HS/P cells) from healthy donors and CML patients showed that STAT5A plays an oxidative stress protective role. 75 In this study, the authors used a RNAi-based strategy to specifically downregulate expression Figure 3 . Hypothetical model of STAT5-dependent regulation of rOS in HSC. rOS levels are critical in regulating the balance between HSC self-renewal and proliferation/differentiation. Low rOS levels favor quiescence and/or self-renewal of HSC while high rOS levels promote their proliferation and differentiation. The balance between quiescence/self-renewal and proliferation/differentiation is also dependent on STAT5 expression and/or activation levels. in the proposed model, non-tyrosine phosphorylated STAT5 might contribute to the protection of HSC against a rOS overproduction, keeping them in a quiescent or self-renewal state. An increase of rOS levels through cytokine receptors signaling would facilitate tyrosine phosphorylation of STAT5. High tyrosine phosphorylated STAT5 levels would in turn modulate rOS production to promote proliferation and differentiation. Quiescence and self-renewal of CML HSC might also be dependent on rOS and tyrosine phosphorylated STAT5 levels. This figure was produced using Servier Medical Art: www.servier.com
